Abstract: Screw-shaped endosseous implants that have a turned surface of commercially pure titanium have a disadvantage of requiring a long time for osseointegration while those implants have shown long-term clinical success in single and multiple restorations. Titanium implant surfaces have been modified in various ways to improve biocompatibility and accelerate osseointegration, which results in a shorter edentulous period for a patient. This article reviewed some important modified titanium surfaces, exploring the in vitro, in vivo and clinical results that numerous comparison studies reported. Several methods are widely used to modify the topography or chemistry of titanium surface, including blasting, acid etching, anodic oxidation, fluoride treatment, and calcium phosphate coating. Such modified surfaces demonstrate faster and stronger osseointegration than the turned commercially pure titanium surface. However, there have been many studies finding no significant differences in in vivo bone responses among the modified surfaces. Considering those in vivo results, physical properties like roughening by sandblasting and acid etching may be major contributors to favorable bone response in biological environments over chemical properties obtained from various modifications including fluoride treatment and calcium phosphate application. Recently, hydrophilic properties added to the roughened surfaces or some osteogenic peptides coated on the surfaces have shown higher biocompatibility and have induced faster osseointegration, compared to the existing modified surfaces. However, the long-term clinical studies about those innovative surfaces are still lacking.
in topographical aspects, while surface treatment methods alter both the topography and chemistry of an implant surface [6] . Superior histomorphometry and stronger bone responses have been found on roughened surfaces compared to turned surfaces [11] [12] [13] . An acid etched surface was reported to show four times greater resistance to removal torque, the measurement of which has been one of the tools evaluating the quality of binding at the interface between the bone and the implant surface, than the turned cp Ti surface in an experiment using the screw-shaped implants and the distal rabbit femurs [11] . A roughened surface by sandblasting also displayed a significantly higher bone contact than the turned surface in another previous study, which especially described that new bone was grown from the sandblasted surface to the old bone, while the bone was formed from the old bone to the turned surface [12] . Topographically modified Ti surfaces are reported to show high success rates in clinical trials. A split-mouth experimental design found no failure in SLA implants, when these implants were early loaded at 6 weeks after implant insertion into patients' jaws [14] . This previous study was a randomized-controlled, double-blind investigation with 5-year prospective results, which is known to have a very high evidence level [14] . In addition, the optimal roughness (S a of about 1.5 m) of such surfaces that can elicit the maximum bone response has been investigated [15] [16] [17] .
Anodic oxidation on the Ti implant surface increases not only the roughness of the surface but also the thickness of the Ti surface oxide, which is important for the biologic bone response [6, 18] . This type of surface shows more favorable bone responses than turned smooth Ti surfaces [13, 19, 20] . In a study evaluating the human jawbone response to the oxidized Ti surface, histomorphometry resulted in significantly more favorable bone response (higher bone-toimplant contact) to the oxidized Ti surface at both the maxilla and the mandible, compared with the turned Ti surface [19] . A previous animal study using mini-pigs concluded that the anodized surface had a bone biocompatibility level similar to the hydroxyapatite coated surface, and higher than the turned surface [20] . Several clinical trials report that oxidized Ti surfaces are functional and effective on implants in the human jaw bone [21, 22] . A 5-year prospective clinical study showed that a slightly tapered, screw-shaped Ti implant with the oxidized Ti surface could be very successful even in poor bone quality [21] . A randomized controlled clinical trial compared the clinical outcomes between the anodized and turned surfaces, demonstrating that both surfaces were affirmative although this trial was a pilot study with the relatively short, 3-year results [22] . Many authors have studied the mechanical and chemical factors that influence the Ti oxide layer and the bone response, which include the density during the anodic oxidation process, the electrolyte concentration, and the oxide crystal structure [23] [24] [25] [26] . However, while the topography of an oxidized surface is completely different from that of a blasted or etched surface, anodic oxidation methods are not thought to alter the Ti surface in such a way as to provide stronger osseointegration, compared to Ti surfaces that are optimally roughened by blasting and/or etching ( Fig. 1) [13, 27, 28] . Anodic oxidation itself is considered to have a limitation in bone response from the results that an electropolished (very smooth) Ti surface tends to decrease bone formation rate despite that the surface is anodized [18] . Neither the removal torque test nor the histomorphometric measurement revealed any significant difference between the anodized and the blasted surfaces in a study with a non-loaded model using the rabbit tibia [13] . A previous study with a loaded model using the beagle dog found no significant difference in histomorphometry between the anodized and the SLA surfaces [27] . Also, another prior study with the non-loaded rabbit tibia model showed no significant differences in the biomechanical tests including removal torque between those two surfaces (the anodized surface and the SLA surface) [28] .
Certain surface modifications have some chemical effects, which are added to the physical and topographical effects and are considered to make osseointegration stronger than the roughening procedure only, on bone responses. Calcium phosphate-coated surfaces have been used for dental implants since the mid-1980's because of their similarity to bone mineral [29, 30] . Various forms of calcium phosphate like hydroxyapatite, as well as various coating methods, have been previously investigated [13, [31] [32] [33] [34] [35] . Clinically, calcium phosphate-coated implants have been reported to be functional in patient jaws in the long-term [36, 37] . However, one meta-analytic study, investigating the survival analysis studies, reported that the 5 to 8 year cumulative survival rates of hydroxyapatite coated implants were evaluated to range from 79.2% to 98.5%, which are not considered to be as reliable as implants with the roughened Ti surfaces [36] . Another meta-analytic study concluded that long-term clinical data on calcium phosphate-coated implants were very limited, irrespective that the annual failure rate was estimated not to increase progressively, and that the cumulative survival rate was considered to be similar to that of uncoated implants [37] . Furthermore, there are major concerns with such coating, including coating delamination, cohesive failures of the coating layer, and adhesive failures between the calcium phosphate coating and the Ti implant [30, 34] . Although fast bone response to the calcium phosphate-coated surface and its similarity to bone mineral lead to the possibility of its application to some extreme cases like osteoporotic patients, such an application needs more studies including clinical trials [31] . Another example of chemical modifications is a fluoride-modified surface, which is made by reducing the Ti surface on a cathode to attract the cation, fluoride ion, in a hydrofluoric acid solution [38] . Adding fluoride treatment to titanium Fig. (1) . Scanning electron microscopic images (2000 magnification) of a sandblasted, large-grit, acid-etched (SLA) Ti surface (a) and an anodized Ti surface (b). Note that the SLA surface mainly displays a honeycomb-like structure while the anodized surface shows a craterlike structure. dioxide (TiO 2 ) grit-blasted cp Ti surface results in a superior bone response to that of TiO 2 grit-blasted cp Ti surface [38] [39] [40] [41] . Low concentration of hydrogen fluoride etching on Ti surface was reported to enhance the binding between the bone and the surface considerably [38] . The fluoride modification added to TiO 2 grit-blasted cp Ti surface showed improved osteoblastic differentiation in vitro and increased bone formation in vivo [39] . A previous study with the rabbit tibia model demonstrated that fluoride modification had positive effects on bone responses by indicating the increased gene expression levels of some osteogenic markers like osteocalcin, and the higher bone mineral densities around the fluoride-modified Ti surfaces [41] . In addition, in clinical studies, fluoride-modified Ti implants were found to be successful during 3-5 year follow-up periods [42] [43] [44] . The survival rate of a fluoride-modified implant was estimated to be about 96% when the implant was loaded immediately after insertion into the patient's mouth, which is considered a fairly excellent result [42] . Both immediately and early loaded implants had high survival rates of about 97% after 5 years in another previous prospective study [43] .
Anodized, calcium phosphate-coated, and fluoridemodified Ti surfaces, which use advanced chemical modifications and are presently widespread in the market, result in increased affinity to osteoblasts as well as faster and stronger in vivo osseointegration than turned cp Ti surfaces [18, 19, 31, 34, 38, 39] . However, little difference, especially at the in vivo level, has been found in bone response between these chemical effect-added Ti surfaces and the topographically modified Ti surfaces (the blasted, the acidetched, or the SLA Ti surface) [13, 28, 32, [45] [46] [47] [48] [49] . In a previous study with the non-loaded model using the rabbit tibia, neither the anodized nor the calcium phosphate-coated surface found any significant difference in the initial in vivo bone response, compared with the blasted surface [13] . Other studies using such a rabbit tibia model revealed no significant difference either in removal torque or in bone-toimplant contact, when those studies compared the anodized surface with the SLA surface [28, 32] . There were no significant differences in the histomorphometric results, irrespective of the types of animals (rabbits or dogs) used in other previous studies, when the fluoride-modified surface was compared with the anodized surface or when the fluoride-modified surface was compared with the SLA surface [45, 46] . A 5-year prospective clinical study indicated that the cumulative survival rate of an anodized implant was similar to that of an SLA implant [47] . The lack of conclusive results may be due to incomplete randomization of animal groups, heterogeneity of animals, small sample size (in both human and animal studies), and various observation time periods of animal studies. However, no chemical aspect of such modified surfaces is considered to have a strong effect on the bone response under a biological system, overwhelming the effect of the physical property like surface roughness.
The hydrophilicity of an implant surface was recently investigated and is thought to be an important factor in the enhancement of the bone response [50] [51] [52] . Several studies have evaluated the biocompatibility of an SLA surface with additional modifications aimed to increase hydrophilicity [53] [54] [55] . These studies indicated that such a hydrophilic SLA surface promotes bone formation and shows increased osteogenic potential, when compared to its predecessor, an SLA surface with no modifications to hydrophilic properties [53] [54] [55] [56] . The hydrophilic SLA surface was reported to have a positive influence on early bone response in a previous study that used dogs, showing higher bone-to-implant contact than the conventional, non-hydrophilic SLA (hydrophobic SLA) surface [53] . Similar results were also found in another study using miniature pigs [54] . An in vitro experiment with human bone marrow-derived mesenchymal stromal cells showed higher gene expression levels of the osteogenic markers like runt-related transcription factor 2 (RUNX2) and bone sialoprotein (BSP) on the hydrophilic SLA surface [55] . The authors of those studies interpreted the data to indicate that hydrophilicity improves biocompatibility of the SLA surface to the implant during osseointegration [53] [54] [55] [56] . At the in vitro level, bone cell adhesion is higher on the hydrophilic SLA surface than on the anodized or calcium phosphate-coated surface [57] . However, in vivo studies are difficult to find significant differences in bone responses between the hydrophilic SLA and other surfaces, except the studies comparing the hydrophilic SLA with its predecessor (hydrophobic SLA) [58] [59] [60] . The hydrophilic SLA surface showed statistically similar bone-to-implant contact and removal torque results in the previous animal experiments using dogs, compared with the anodized surface [58, 59] . Furthermore, the comparison clinical studies have reported that both the hydrophilic and hydrophobic SLA surfaced implants are well functional with high survival rates in patients' mouths [61, 62] . And most of the clinical studies investigating the effectiveness and maintenance of the hydrophilic SLA implant are conducted over 1-2 years of follow-up, which are just short-term results [61] [62] [63] [64] [65] [66] .
Currently, studies focus on evaluating the effects of organic compounds such as proteins and peptides used to coat surfaces on the biological environment of the implant [67] [68] [69] [70] . Bone morphogenetic proteins have been used on implant surfaces to promote bone formation [67] . Recombinant human bone morphogenetic protein 2 (rhBMP-2) coated on an oxidized Ti surface enhanced the bone affinity and healing capacity of the surface, compared with the oxidized Ti surface only [67] . Furthermore, several short peptides, derived from cell adhesion proteins, have been effective in bone cell attachment and are non-antigenic to implant surfaces [70, 71] . Both in vitro and in vivo experiments show promising results in terms of biologic responses surrounding protein or peptide-coated implants [71, 72] . A laminin-derived peptide showed the increased expression of the osteogenic markers at the gene level, the enhanced alkaline phosphatase activity at the protein level, the improved attachment and spreading of osteoblast-like cells, and the accelerated bone response in the rabbit tibia model [71] . Stronger osseointegration to the rhBMP-2 coated implant was also confirmed in another previous study with a sheep iliac model [72] . However, other studies found no such effects around the protein-or peptide-coated implants although the osteogenic protein was indirectly delivered to the local environment via the gene of the osteogenic protein or a carrier molecule [73, 74] . Furthermore, to date, no clinical trials have been published that investigate the maintenance or effectiveness of such organic compoundcoated implants.
The base material for the abovementioned modifications is Ti. Other, materials, such as zirconia or Ti-zirconium alloy, are being developed and tested for dental implants [75, 76] . The types of surface modifications that can be applied to such implants seem limited at present. Blasted zirconia, calcium phosphate-coated zirconia, and hydrophilic SLA Tizirconium-alloyed implants have been evaluated in vivo and compared to surface-modified Ti implants. Evidence is lacking to show that these new implants are more biocompatible during osteogenesis and osseointegration than the currently used surface-modified Ti implants [76] [77] [78] .
CONCLUSION
Ti implant surfaces have been modified in various ways to increase bone formation around the implant, to increase the healing capacity of the bone tissue, and to decrease the edentulous period of a patient. Clearly, modified surfaces demonstrate faster and stronger bone responses than cp Ti turned surfaces. However, many of the chemically advanced surfaces, which are known to have additional chemical effects for active bone responses, fail in showing significantly superior in vivo osseointegration and osteogenesis, compared to the existing roughened surfaces that are topographically modified to obtain optimal roughness by blasting and acid etching. Also, very rare clinical studies have been found reporting significant differences in implant survival, comparing the implants with different surface characteristics. Numerous studies have investigated the effects of surface hydrophilicity and coated functional osteogenic proteins and peptides on enhanced bone formation and healing around an implant, showing the excellent results of biocompatibility in both in vitro and in vivo experiments. However, further clinical studies are needed.
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